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Urban Ozone Control and Atmospheric
Reactivity of Organic Gases
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savings over traditional strategies.

Troposphericozone, lot-med from nonlin-
ear reactionsbetweenVOC5 and nitrogen
oxides (NOr), is a primarr constituentof
urbansmog (1). Estimatesof VOC control
costsneededto attaintheNationalAmbi-
ent Air Quality Standard (NAAQS) for
ozone of 0.12 parts per million areon the
orderof billions of dollars per year,and in
the most severely impacted region~,the
necessarycontrol technologies have not
beenidentified completely (2, 3). Despite
considerableresourceinvestmentsincethe
promulgation of the NAAQS, most large
cities d0 not meet this standard.A variety
of newdirectionsarebeingexploredto find
more effective controlstrategies.Onepath,
controlling NO~emissionsinsteadof VOC
emissions,appearsto be most effective for
regional transportproblems,in rural areas,
andin urbanareaswith high hiogenicVOC
emissions.However, in the largest urban
areaswith theworstozoneproblems,reduc-
ing VOCemissionsalso appearsto be effec-
tive (1, 2, 4). Currently,control strategies
and air quality regulationsare based on
reducing the total mass of VOC5 emitted
(excludingmethane).

There are a numberof reasonsto con-
sider incorporating specific information
aboutthe individual VOC speciesemitted
in designing more effective control strate-

gies. Of the hundredsof different VOC
compoundsemitted, each has a different
impacton ozonelevels. Therelativeozone-
forming potentialsof individual VOC5, or
“reactivity,” can differ by more than an
orderof magnitudefrom onecompoundto
another. For example, in a typical urban
atmosphere,1 kg of ethanewill form about
two ordersof magnitudeless ozone than I
kg of formaldehyde.Ignoring the reactivity
of emissions when regulations are devel-
oped may lead to ineffective, inefficient
control strategiesandpossibly evenlead to
measuresthatworsenair quality. Consider-
ation of reactivity focusescontrolefforts on
those emissionswith the greatestimpacts
on urban ozone.Other compellingreasons
to consider reactivity-basedstrategiesin-
clude providing strong incentivesfor accu-
rate determinationof emissionscomposi-
tions, for pollution prevention through
product redesignor reformulation,andthe
potential for large reductionsin emissions
control costs (5). We haveexaminedthe
scientific basis for reactivity-basedVOC
regulations by quantifying the variability
and uncertaintiesin reactivity estimates.
We suggest that estimatesof the relative
impacts of individual VOCs on ozone can
be incorporatedinto control strategiesin
orderto refine ~ontrol efforts nati~nwide.

Herewe describethe analysisprocedures
used to quantify VOC reactivity, with par-
ticularattentionto the reactivityscaleused
for automobileemissionregulationsin Cali-
fornia (6). Althoughreactivity-basedregula-
tions are currently used in California, the
potentialenvironmentaland economicad-
vantagesof this approachandthe adoption
of California vehicle regulationselsewhere
(notablytheNortheast)broadentheneedto
understandthe scientific foundations,criti-
cisms,benefits,andoutstandingtesearchis-
suesassociatedwith reactivity weighting(7).
We examine the dependenceof reactivity
measureson (i) environmentalconditions,

particularly meteorology and precursorra-
tios; (ii) the level of chemicalandphysical
detailanduncertaintyin themodelsusedfor
quantifying reactivity; and (iii) the uncer-
taintiesin emissionscompositions.Ouranal-
ysis shows that the relative reactivity of
emissions mixtures, such as exhaust from
alternatively fueled vehicles normalized to
emissionsfrom a basecase fuel, is hot very
sensitive to any of these three factors. In
conclusion,we presentthe resultsof an eco-
nomic analysis which shows that strategies
that usereactivity-basedcontrolsarenoronly
more effective than thoserelying on mass-
basedcontrolsbut can also be less expensive.

We usedphotochemicalair quality mod-
els and a variety of analysismethods.The
ti-o classesof phorochemicalmodels that
havebeenusedmost extensivelyare chem-
ically detailed but physicallysimplified ze-
ro-dimensional box models (8—13) and
more comprehensive,physically detailed,
three-dimensional (3D) airshed models
(10. II. 14—17). The method currently
usedfor reactivityquantificationin Calitor-
nia wasdevelopedby Carter(8), who-used
a box model,andis basedon theSAPRC9O
chemical mechanism(18) to quantify how
anincrementalchangein the emissionsof a
specificVOC would affect ozone. In addi-
tion to examining results from Carter’s.
studies,we havealsodevelopedandapplied
both a box model(10—12)andachemically
detailed3D model(16, 17, 19) for studying
reactivity issues. For both models, atmo-
sphericchemistryis treatedusinga version
of SAPRC9Owith 91 species(27 detailed
organics)and203 reactions.Thebox model
is used for statistical analysisof ~eactivity
quantificationand uncertaintyestimation
over a wide rangeof variabks.The more
comprehensive3D model is used to exam-
ine the dominant uncertaintiesidentified
through use of the box model while ac-
countingfor transportandrnultiday effects,
and for estimation of pollutant exposure
metrics.A linear optimizationcost analysis
model is developedto examineeconomic
impactsof explicitly accountingfor reactiv-
ity in control strategydesign.

To illustrate theuse of reactivity in the
developmentof control strategiesandreg-
ulations, we consider the reactivity scale
used in California’sLow EmissionVehicle
(LEV) and CleanFuels Regulations(20).
Recently, Carter (9) used a chemicallyde-
tailed, photochemicaltrajectory model to
quantify the ozoneformedfrom 180 differ-
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Control strategies for urban ozone traditionally have been based on mass reductions in
volatile organic compounds (VOC5). Studies show, however, that some organic gas
species (such as alkanes and alcohols) form an order of magnitude less ozone than equal
mass emissions of others (such as alkenes and aldehydes). Chemically detailed photo-
chemical models are used to assess uncertaintyand variability in reactivity quantification.
VOC control strategies based on relative reactivity appear to be robust with respect to
nationwide variations in environmental conditions and uncertainties in the atmospheric
chemistry. Control of selective organicgas specieson the basis of reactivity can offer cost
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ent VOCs in 39 cities acrossthe United
States.Eighteen reactivity scaleswere de-
velopedfrom thosemodelcalculations.The
scalesdiffer in the assumptionsabout the
levels of NO, and rhe measureof ozone
impact (suchas impact on the peak ozone
versus integratedimpact over rime). One
scale,the maximum incrementalreactivity
(MIR) scale,hasbeenchosenfor regulatory
application in California. MlRs for individ-
ual VOC5 are calculated in 10-hour box
model simulationsand are defined as the
maximumsensitivityof thepeakozonecon-
centration([Onip) to asmall increasein the
initial conditions and emissions of the
VOC (E). The )vllRs are found for the
input ratio of VOC5 to NO, that leads to
themaximumsensitivity to VOCs~

i&[O~1
MIR, = maxç AE ~)for all VOCThO,

Examples of MIRs are given in Table I,
which showsboth their averagesand stan-
dard deviationsacross39 setsof simulation
conditionsrepresentingdifferentcities. Typ-
ically, MIRs are observedat relatively lo’v
VOC/NO, ratios(about4 to 6 ppm C:l ppm
NO,), as might beexpectedin densesource
regions.This indicates that the MIR scale
will be more applicableto urbancorecondi-
tions, whereVOC control is most effective,
than to rural conditions where ratios are
usually higher(and NO, controlsare more
effective). Thus, the useof theMIR scaleis
meant to complement,not replace, NO,
controls.To determinetheozoneformedper
unit massof emissionsfrom a specific source
[that is, thenetreactivity (NR,) for source
the MIR of eachcompoundis multiplied by
the mass fraction of the compoundin the
emissions(f~),and the weighted emissions
fractionsare then summed:

NR1= ~~MlR

For applicationin California, theMIR scale
is used to quantify the reactivity of the
exhaustemissionsfrom alternativelyfueled
vehicles,scaledto the reactivityof exhaust
emissionsfroma vehicleusingstandardgas-

Table 1. Examples of MtRs and variations be-
tween locations (mean and SC).

Corn-
pound

Mean reactivities
across cities

(nonnormalize&
normalized)

SD
(nonnorrnalized/

normalized)

HCHO 7217.1 1.0/0.58
Methanol 0.56/0.55 0.11/0.064
Ethane 0.25/0.24 0.070/0.045
Toluene 2.7/2.7 0.52/0.28
Pentene 6.2/6.1 1.2/0.64

oline (NR,). The ratio of the reactivity of
thealternativefuel to that of standardgas-
oline is called the reactivityadjustmentfac-
tor (RAE) andis usedto modify theallow-
ablemass emissionsrate from altemafively
fueled vehicles:

1~ NR

RAF =

NRh

RAFs calculated for exhaustemissionsfor
five fuels, (i) standardgasoline(as the base.
b), (ii) phaseII reformulatedgasoline, (iii)
85% methanol—15%gasolineblend(M85),
(iv) liquefied petroleumgas(LPC), and(v)
compressednaturalgas(CNO). aregiven in
Table 2. For example, the RAE for M85-
fueled vehicleemissionsindicatesthat on a
mass-weightedbasis,thoseemissionsshould
produceabout 37% as much ozone as the
same mass emitted from a gasoline-fueled
vehicle under urbanconditions.Under the
California regulations,M35-fueled vehicles
could then emit 2.7 times as much mass,
leading to an equivalentozone impact.

Oneof the most widely notedcriticisms
of usingVOC reactivityfor developingcon-
trol strategiesis the possiblelargevariation
of individual compound reactivities be-
tween locations as a result of both the
changein atmosphericconditionsaswell as
the changein the relative abundanceof
VOC and NO, (7). Although such varia-
tion might appearto complicatethe useof
a single reactivity weighting schemeacross
regions,box and airshedmodeling results
indicatethat thevariation in relativereac-
tivities is not so severe.In the MIR scale,
compound reactivities are an averageof
thosequantifiedfor conditionsin 39 cities.
The absolute MIRs of individual com-
poundsvarysignificantly betweenlocations
(9), as demonstratedby the SDs of the
reactivities acrossthe cities (Table 1). On
average,theSDsareabout22%of themean
reactivity values. However, the intercity
variation is much lower for RAFs or when
the MIR is normalized.Normalized MIRs
arecalculatedby dividing eachspecie’scity-
specific MIR by thegeometricmean reac-
tivity of all the speciesreactivitiesfor that
city, and multiplying by the geometric
mean reactivity of the 39-city average

14).

Fuel MIP-RAF

MlRs. .As shownin Table I, the SDs of the
normalizedreactivitiesaresignificantly less.
The NRs ,f exhaustfrom vehiclesoperated
on six a1els (6) areshown by box plots in
Fig. IA, indicating the variation in the
calcularedMIR valuesacrossthe 39 cities.
The variation in absolute ozone-forming
potentials acrosscities is substantial.How-
ever. when the reactivitiesof exhaustfrom
alternativelyfueled vehiclesare normali:ed
by the reactivity of standardgasolineex-
haust(that is, theRAE is calculated),vari-
ation among cities is sharply diminished
(Fig. IS). The important point hereis not
the absolutemagnitudeof thePAF, which
will changeas the compositionis modified
by control technologychangei,but that the
RAE is relatively invariantacrossthe cities.
This variationdoesnot include the uncer-
tainty due to the emissionscomposition.
which is presentedbelow.

Another issue of concern associated
with environmentalvariability is that the
relativeabundanceof VOCs andNO, can
differ nnarkedlvbetweenlocations, but the
MIR scalewasdevelopedfor conditionsof
relativelyhigh NO, thatare mosttypical of
urban areas. In California, the MIR scale
was chosen intentionally to complement
NO, control. At lower NO, levels, it is
expectedthat the absolutelevel of ozone
productionof any individual VOC will be
less than under MIR conditions (the level
of NO.,, not VOCs. becomestlTe limiting
factor). This effect is investigated in two
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/, ,_~Table 2. Exhaust reactivity adjustment factors (6,

Base
Phase II
M85
LPG
CNG

1.00
0.94
0.37
0.47
0.43

M85 cr40 LPG E85 Phase 2
Fuel

MOIP-RAF Fig. 1. Boxplots of the calculated (A) net reactiv-

1 CO ties (NRs) and (B) normalized reaotbvities (RAFs)
097 across cities. The median is represented by a hor-

izontal line. The edges of the boxes represent
057 rough quantiles in the data. HorizontaJ lines repre-
0:49 sent the extremes of the data, and outliers are

represented by stars.
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(4)

ways.First, Carterdevelopedanalternative
~cale,the maximumozoneincrementalre-
activity (MOIR) scale, which is similar to
the MIR scale,exceptthat thesensitivity is
evaluatedfor initial VOC/NO, conditions
leading to the maximum ozone level (in-
steadof conditionsfor which thesensitivity
is greatest):

3 max ([Osip)
MOIR,=

Conditionsleadingto theMOIR are calcu-
lated to occur at higher VOCINO, levels
(about7 to 8:1) than thoseassociatedwith
the MIR scale.MOIR-basedRAFs ~Table2
and(6, 14)] are similar to thosecalculated
with MIR values.Carter(9) also examined
how usingothermeasuresof ozonesensitiv-
ity (such as the effect on time-integrated
concentrationsinstead of peakconcentra-
tions) would affect RAE values, and found
relativelylittle variation. In a secondtest of
how changesin the relative abundanceof
VOC and NO, affect reactivity weighting,
two emissionsinventories,differing in their
VOC/NO, ratios by aboutafactorof 2, were
used in anairshedmodelingstudy to testthe
efficacy of reactivity weighting of exhaust
emissions (15). Reactivity weighting led to
nearlyequivalentozoneimpactswheneither
nventory wasused.That study alsoconsid-
:red two ozone episodeswith significantly
differentrgeteorologicalconditions.Reactiv-
ity weightingof emissions,again,ledto sim-
ilar ozone impactsfor both episodes(within
an uncertaintyof about 10%).

A secondconcernfrequently raisedwith-
the useof reactivity weighting is the effects
of uncertaintiesand level of detail in the
physical and chemical representationused.
for quanri~jingreactivity. A specificconcern
regardingthe physical level of detail stems

a
C
C

I

from the MIR scalebeing developedwith
the use of a zero-dimensionalmodel.Such
simplified models lack realistic treatmentof
pollutant transportandmixing, whichcould
lead to poor characterizationof reaction
ratesandconsequentlyof reactivities.More-
over.MlRs havebeendevelopedon thebasis
of 10-hoursimulations,whereassomeorgan-
ic compoundsmay remain in an urbanair-
shed for 2 to 3 days. To investigatethese
issues,we applied an advanced,3D photo-
chemical modelwith theSAPRC9Omech-
anism to the Los Angeles basin (16, 17).
Detailed sourceemissionsand meteorology
for a 3-day period (27 to 29 August 1987)
wereused(21). This is oneof the periodsfor
which the model hasbeenextensivelyeval-
uated-Ozoneimpacts,on a percarbonbasis,
of an incrementalincrease in the emissions
of 28 VOQ were calculated relative to a

basemixture representinggasolinevehicle
exhaust.Use of the airshed model allows
quantification of the impact of emission
changes and reactivity on population-
weightedozonelevelsandspatialozoneim-
pacts,as well as peakozone levels(22).

Correspondencebetween two of the
airshedmetrics and the bo~-model ?VUR
(9) scalesis shown in Fig. 2. The airshed
model—derived spatial and population
density—weightedresults behavesimilarly
to MlRs. The greatest differences are
found for formaldehydeand other com-
pounds whosereactivities are highly de-
pendenton photolytic reactions.This is
explainedby the useof a reducedphotol-
ysis rate in the airshed modeling to ac-
count for the observedcloud cover. The
box model usedclear sky conditions.The
reductions in the reactivities are consis-
tent with the sensitivity to the rate con-
stantsfor thephotolyric reactions(ID). In

general.airshedmodel results for Los An-
geles agree well with MIRs and further
show that individual organicshave very

different ozone impacts- Similar studies
should be consideredfor other regions

1 (such as the OzoneTransportRegion of
the northeasternUnited States).

A third concernoften raised is that the
quantification of compoundreactivities is
limited by uncertaintiesin ourknowledgeof,
atmosphericchemistryandits representationi
through chemical mechanisms.Measure-
ment errors in laboratorykinetic and prod-
uct studiescontribute to uncertainty in the
chemical mechanismsused to calculatein-
cremental reacrivities. Moreover, the reac-
tions of many of the otganic compounds
emitted into urbanatmosphereshave never
beenstudiedin controlledexperiments.Their
representationin chemical mechanisms is
basedon analogy to compoundsof similar
structure,creatingaddeduncertainty.At issue
is whetherthe uncertaintiesin the chemistry
significantly impact the calculation of the
teactivitiesfor organic compounds.We used
both the box model (10, 12) and airshed
model (17) to explore the extent to which
uncertaintiesin chemicalrate parametersim-
pact the calculatedreactivities.

Uncertaintiesin calculated reactivities
are estimatedfrom box model simulations
through use of Monte Carlo analysis with
Latin hypercubesampling.To reducecom-
putational requirements, the simulations
are conductedfor a single setof trajectory
conditions,which was designedby Carter
(9) to give resultscloseto theaverageMRs
from the 39 trajectoriesnationwide.Uncer-
tainty estimateswere compiled (23) for all
of the rate parametersof the SAPRC9O
mechanism, largely from concurrent re-
views of kinetic data (24, 25). Rateparam-
etersaretreatedas lognorrnally distributed,
independentrandom variables. Resultsare
shownin Fig. 3.

Uncertainty estimates (Ia) range from
30 to 50%of themeanMR values,for most
compounds.The estimateduncertainty in
the predictedpeakozoneconcentrationfor
the averageMIR simulation conditionswas
about30%, relativeto amean predictionof

ppm. For predicted O~and MIRs,
the most influential uncertaintiesarethose
in rate parametersthat control theavail-
ability of NO, and radicals(12). For MlRs,
uncertaintiesin the rate parametersof pri-
mary oxidation reactions,or reactionsof
stable intermediates,are also influential,
Uncertaintiesin manyrareparametershave
similar effectson the reacriviriesof various
compounds. so the resulting MIR5 are
strongly correlated. For example,an in-
crease in the phctolysis rate for NO— in-
creasesthe reactivity of most species by
about the sameproportion. Thus, the rela-
tive reactivity of one speciescomparedto

3.50

Fig. 2. Results and comparison of reactivity metrics for reactivity quantitication.
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anotheris not affectedas much as theab-
solute MIRs by uncertaintiesin rate con-
stants. After the most influential ratepa-
rametersareidentified by MonteCarlosim-
ulations, their values are varied, oneat a
time, in 3D airshedmodelsimulations(17).
This analysisconfirmedthe low sensitivity
of relative reactivities to uncertaintiesin
rate constants.The implication of this re-
sult is clearly shownby thefollowing anal-
ysis 0f uncertaintiesin RAFs.

For exhaustemissionsfrom selectedfuel-
vehicle combinationstested in the Auto!
Oil Air Quality Improvement Research
Program (AQIRP) (26), we calculated
RAFs and associateduncertainties (IC).
MonteCarlosimulationswith Latin hyper-
cube sampling ate used for this analysis,
treatingboth chemicalrate parametersand
exhaustcompositionsas randomvariables.
Uncertaintiesin the exhaustcompositions
were estimatedfrom the varianceand co-
variance of emissionsof each compound
acrossthe vehicles that the AQIRP study
testedon a given fuel. Emissionsof each
compoundwere then treatedascorrelated,
normally distributed random variables.No
attempt was made for this analysisto esti-
mateuncertaintiesassociatedwith whether
the test vehicleswere representativeof ye-
hideson the road.

Resultsof RAF uncertaintycalculations
areshown in Fig. 4 for exhaustemissions
from prototypeflexible- andvariable-fueled
vehiclesoperatedon M85 comparedto ex-
haustemissionsfrom passengercarsoperat-
edon industry averagegasoline.The mass-
based RAE for the AQIRP M85 exhaust
compositionhasa meanvalue of 0.49 with
an uncertaintyof 17% (la relative to the
mean).Comparedto the degreeof uncer-
tainty in the MIRs for l-iCI-1O (32%) and
MeOfr-l (48%), the RAF uncertaintyis sig-
nificantly reducedas a resultof interspecies
correlation.This reductionin uncertaintyis
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Fig. 3. Mean values and 1 ~ uncertainties of MIRs
for selected organic compounds, as calculated
from unoertainties in kinetic parameters.

even more pronouncedfor RAE5 of fuels
suchas reformulatedgasolinethathaveex-
haustcompositionscloserto thatassociated
with conventionalgasoline.

Further treatmentof uncertaintiesshould
accountfor product yields and correlation
amongsomerate parametersfor thechemi-
cal mechanismusedto calculateMIPs. Pre-
timinarv resultshave indicated that uncer-
tainties in productyields also have a small
effect on relative reactivities(27), but this
questionis beingexaminedfurther with the
airshedmodel for specificapplicationto al-
ternativefuels (19).

Uncertaintiesin emissions comoosition
have beencited as confoundingfactors in
the use of reactivity weighting for ozone
control. We havepreviously addressedthis
issue throughthe combinedreactivity-com-
position uncertaintyestimatefor M85 fuel
discussed above. To examine the role of
variationin emissionscompositionacrossfu-
els, variancesof RAFs were calculatedwith
the useof exhaustcompositiondata(6) for
four alternativefuels andstandardgasoline.
Thedataconsistedof massfractionsof VOC
exhaustfrom transitionallow-emissionvehi-
cles(11EV5) for eachexhausttype andthe
SD associated with that fraction. Variances
of the RAFs for each fuel arecalculatedby
the DeltaMethod(28). Eachfuel’s RAE was
calculatedas the ratio of two normally dis-
tributed random variables,the MIR of the
altemativefuel divided by the MIR of stan-
dardgasoline.MIR valueswerecalculatedon
the basis of the averageMIR scale. The
resultsare shown in Fig. 5, which displays
the 5th, mean,and95th percentilesof each
fuel’s RAE value. Comparison of Fig. 5,
which has only one degreeof uncertainty,
with Fig. 4 suggeststhatmuchof theuncer-
tainty resultsfrom thecomposition.Exhaust
emission compositionsare derived from a
small numberof tests on asmall numberof
vehicles,particularlyfor thealternativelyfu-
eledvehicles (6). Further,thereis relatively
little information on the effect of deteriora-
tion on thespeciesemitted.More testsacross

C
C

(2
C

C

C

.0

C

-o
C
a
C

0.47

0.350.40 0.45 0.50 0.550.60 0.650.70 0.75
RAP of Melt. Z

Fig. 4. Cumulative distribution fijnction of the on-
certainty in the RAF of prototype flexible-fueled
M85 vehicles.

a wide range of vehicles are required to
bettercharacterizethe impactof uncertainty
in fuel compositionon calculationof RAFs.

Source emissionsare usuallynot as well
characteritedas those from automobiles.
Although lack ofdetailedknowledgeon the
emissionscompositionsof differentsources,
automotiveandothers,doesadduncertain-
t)’ to control strategydesign, regulations
that explicitly credit industry for usingless-
reactivecompoundscould add a valuable
economic incentive to more completely
characterizesource emissions,particularly
for the largest emitters. This has already
been the case for automotive emissions.
This information would beuseful for better
identifying the efficacy of conttols andfor
other studies that dependon an accurate
knowledgeof emissionscompositions(such
as a basis for receptormodeling studies to
help determineemissionsinventories).

Although the results presentedabove
suggest that relative reactivity scales are
robust with respect to uncertainties in
chemistry, environmentalconditions, and
emissions,and hencesupport accounting
for VOC reactivity in developingstrategies
to control ozone, the economic conse-
quencesof doing so also warrantconsider-
ation. A mixed-integerprogrammingap-
proach to optimization of ozone control
strategiesacrosscost, tons of VOC emis-
sions, and reactivities of VOCs indicates
that there is potential for cost savifigswith
theadoptionof reactivity-basedregulations
(5). Using emissioncompositionsandcosts
for theLos Angelesair basin,economically
optimized VOC-basedcontrolstrategiesare
determinedon the basis of two approaches,
one neglectingandoneaccountingfor the
reactivity differencesof the emissions.In
thefirst case,anoptimizedmass-basedstrat-
egy is simulated such that the total VOC
massreductionsare maximizedat eachcost
level. Second,a reactivity-basedschemeis
assumedin which the reactivity of each
source’s emissions is calculated and the
ozone reductions are maximized at each
cost level. Resultsfrom the two approaches
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(3a ~
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Fig. 5. Variation in RAFs due to exhaust Compo-
sition for fouralternative fuels (5th, 50th, 95th per-
centiles shown).
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control strategiesinclude economicincen-
tives which would ensurethat reformula-
tion would lower reactiveVOCs and im-
prove air quality. Presentmass-basedregu-
lationscredit indust for reducingtons of
all VOCs, ratherthanfor reducingthemost
reactivecompounds-A hiddenproblem in
reformulation regulations, ~miliar to the
surfacecoatingand consumerproductsin-
dustries, is that while the reformulated
productmay emit a smallermass of VOCs,
the compositionof theemissionsmay lead
to greaterozoneformation.Thus, thecost
of reformulatingmay not necessarilyyield
improvedair quality. By creatinga regula-
tory structurethatwould promoteselective
control of VO~swith higher reactivity,
reformulationand other control technolo-
gies can be evaluatedand developedwith
respectto trade-offsbetweenreactivity and,
massof emissions,leadingto pollution pre-
vention through a more cost-effectivepro-
cessand productdesign.

Although therearestill someuncertain-
ties,this analysissuggeststhatbothscientific
understandingandpotentialeconomicben-
efits support the considerationof VOC re-
activity weighting in ozone control strate-
gies. Many of the uncertaintiesand criti-
cismspreviously raisedaboutquantification
of reoctivities are found to be less pro-
nouncedwhen relativereactivity is used,as
would be the case in regulaton’ practice.
Therearesignificantdifferencesbetweenin-
dividual compoundimpactsevenwhen the
uncertainties are considered. Additional
benefitsof accountingfor reactivity include
increased incentives for industry to fully
characterizeits emissionsand for pollution
preventionthroughproduct reformulation.

arecomparedin Fig. 6 for ozonereduction
at a given expenditurelevel.

Figure 6 depictsthe resultsfor theopti-
mizationmodelacrossdifferentlevelsof total
cost. Optimal reductionsfor mass-andreac-
tivity-basedsystemsarescaledaccordingto
sourcereactivities.Fromthis graph,it is clear
that on an annualbasis the reactivity-based
system achievesthe same ozone reductions
at a lower total cost than the mass-based
system.For example,at control costsof S IS
million per year, the ozone reduction
achievedwith a reactivity-basedschemeis
about two times that achievedunder the
mass-basedscheme.As control costs esca-
late, the two methodsconverge,becausea
greaterproportionof all sourceswill becon-
trolled in both cases.Up to control levelsof
about 25% of the total controllable emis-
sions, the reactivity-based scheme gives
greaterozone reductions for the samecost.
Thegraphdoesnotconvergeat zerobecause
of the inclusionof a categorywith anegative
cost-effectiveness.A negativevalue of cost-
effectivenessis estimatedin this casebecause
of anticipatedsavings from the reformula-
tion of a particularcoatingsprocess.Further
economicbenefits beyond thosefound be-
low’ con accrueovertime ascontrol technol-
ogiesaredevelopedspecifically for reactivity
adjustment.Cities that can bestutilize such
strategies(nclude thoseareaswhere ozone
formation is VOC-limited, as is suggestedfor
the coastal California cities, Phoenix and
Chicago. Another applicationof reactivity
quantificationto lower total control costs
is as a basis for VOC emissions trading
betweensources.Without a sound foun-
dation for quantifying the impact of one
source’s emissions comparedto another, it
is difficult to ensure that a VOC trade
would not adversely impact air quality.
This issue was of primary concernin the
RECLAIM trading program in southern
California whereVOC5 are not included
in the program (2).

Theuseof reactivityadjustmentsin con-
trol strategydesignallowsa new avenuefor
air quality improvement.Reactivity-based. —
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